ABSTRACT: An epithermal neutron camera based on energy-filtered imaging with gas electron multipliers was developed. Epithermal neutron imaging is achievable without time-of-flight detection of neutrons by using a resonance filter and a thermal neutron absorber. This technique is applicable to compact accelerator-based neutron sources. Blurring of epithermal neutron images caused by neutron scattering in the Ag resonance filter and the B 4 C sheet (used as a thermal neutron absorber) was investigated experimentally. The spatial resolution for epithermal neutrons with energies in the range 4.2 to 6.3 eV (corresponding to the resonance peak of 109 Ag) was estimated to be 1.9±0.5 mm in a prototype detector.
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Introduction
Epithermal neutrons have energies between 1 eV and 10 keV and smaller nuclear cross sections than thermal neutrons. Boron neutron capture therapy is a radiotherapy technique used to treat tumor cells that employs the 10 B(n,α) 7 Li reaction. It involves irradiating tumor cells in which 10 B compounds are selectively accumulated with thermal neutrons, but it employs an epithermal neutron source since epithermal neutrons are moderated by the tissue between the source and the tumor cells [1] . In addition, nondestructive elemental analysis has been performed using epithermal neutrons because some isotopes exhibit large resonances in their neutron cross sections in the epithermal energy region [2] . A compact accelerator-based neutron source has been developed for both these applications. It uses nuclear reactions produced by accelerated protons to generate high-energy neutrons, which are moderated to epithermal and thermal neutrons [3] . It is difficult to use time-of-flight (TOF) techniques to detect epithermal neutrons from this neutron source because of space constraints and neutron moderation. There is thus a great need to develop an epithermal neutron imaging technique that can use this compact, accelerator-based neutron source. We have proposed an epithermal neutron camera based on energy-filtered imaging with gas electron multipliers (GEMs) [4] . We found that background counts due to thermal neutrons could be suppressed by a thermal neutron absorber; this enabled neutron intensity in the resonance energy region of the proposed detector to be realized. In the present study, we investigate blurring of epithermal neutron images caused by scattering in the resonance filter and the thermal neutron absorber. The spatial resolution of a prototype detector is discussed in terms of the line distribution of counts relative to the number of incident epithermal neutrons using a pulsed neutron source at Kyoto University Research Reactor Institute -Linear Accelerator (KURRI-LINAC).
Overview of proposed epithermal neutron camera
The principle of our proposed epithermal neutron camera is described in ref. [4] . Figure 1 shows a schematic diagram of it. The camera employs resonance energy filtering coupled with thermal neutron imaging by a GEM. We adopted GEMs with a 10 B converter sheet because it enables 3 He-free operation. If the entrance window of the GEM is covered with a material that has a strong resonance in total cross-section, most neutrons with the specific resonance energy will be removed so that they will not be detected by the GEM. Therefore, the difference between the counts observed with and without the resonance filter indicates the neutron intensity near the resonance energy region. Several resonance filters (e.g., Ag) are available for neutron energies in the range 1 eV to 10 keV or epithermal energy regions [5] . An epithermal neutron image is obtained by taking the difference of spatial profiles of detected counts due to neutron events obtained with and without the resonance filter. Using a resonance filter with a checkered flag pattern (see figure 1) , net epithermal neutron counts over neighboring pixels with and without the resonance filter are obtained. Using GEMs, it is easy to discriminate events due to neutrons from those due to gamma rays based on the output pulse height. On the other hand, it is difficult to distinguish events due to epithermal neutrons from those due to thermal neutrons, except by the TOF technique. Since the cross section of the 10 B(n, α) 7 Li reaction, which is used for converting neutrons into charged particles in the GEM, increases with decreasing neutron energy, thermal neutrons have a much higher conversion efficiency than epithermal neutrons. To improve the signal-to-noise ratio, background counts caused by thermal neutrons should be suppressed by inserting a thermal neutron absorber between the resonance filter and the 10 B converter (see figure 1) . Since the proposed method does not employ TOF detection of epithermal neutrons, it is suitable for compact accelerator-based neutron sources.
3 Results and discussion
Experimental setup
We fabricated a prototype detector to investigate the spatial resolution of resonance energy-filtered imaging with two GEMs. Figure 2 shows the experimental setup that uses a pulsed neutron source at KURRI-LINAC. The pulsed neutron produced by photonuclear reactions in a tantalum target with bremsstrahlung photons by electrons accelerated to 30 MeV, with its pulse width of 100 ns, at a repetition rate of 50 Hz was incident into the prototype detector, which was positioned at 12.4 m from the source. The neutron beam was 22 mm in diameter. The neutron flux for energies below 10 keV was 2 × 10 2 neutrons/cm 2 /s, which was measured by an array of BGO scintillators containing 10 B foil [6] . The prototype detector consisted of a 1.0-mm-thick silver plate as a resonance filter, a rubber compound sheet containing B 4 C powder (B 4 C sheet) as a thermal neutron absorber, and two 50-µm-thick GEMs. The thermal neutron detector has an active area of 100 × 100 mm 2 (Scienergy, CS9-P80-0011-P140-φ 70-50t). The surface of an aluminum cathode was coated with a 0.6-µm-thick 10 B-enriched film. The GEMs used a P-10 gas flow (90% argon and 10% CH 4 ) as the proportional counting gas. The anodes of the GEMs were divided into 64 strips with a 1 mm pitch, which permitted one-dimensional spatial readout of output pulses. Figure 3 shows the dimensions of the 64 strips on the readout electrode and the resonance filter. The output pulses from the 64 channels were counted by readout electronics specially designed for micro-pattern gas detectors, which consisted of 64 series of a preamplifier, a shaper, and a comparator with digital-to-analogue converter and digital data processing electronics [7] . Because the response to neutron energy was measured using the pulsed neutron source at KURRI-LINAC that has a low epithermal neutron flux, we used the TOF technique to extract events due to epithermal neutrons. The time difference between the electron beam trigger at the LINAC and the output pulse of each channel (i.e., the neutron TOF) and the counts of each channel were transferred from the readout electronics to a PC via an Ethernet connection. Figure 4 compares neutron TOF spectra obtained by GEMs with and without the resonance filter. In the TOF spectrum obtained with the resonance filter (red line), a dip due to the 5.2 eV resonance of 109 Ag is clearly visible in the TOF range 345 to 425 µs, which corresponds to the energy range 4.2 to 6.3 eV. neutrons becomes comparable to that for thermal neutrons. The efficiencies were respectively 2.5 × 10 −2 and 4.6 × 10 −4 for thermal neutron and epithermal neutron in the energy range 4.2 to 6.3 eV. Table 1 lists the experimental and calculated neutron detection efficiencies with and without the Ag filter. The measured efficiencies agree well with those estimated by calculations using the particle and heavy ion transport code system. Figure 6 shows the one-dimensional distribution on the edge of the resonance filter obtained when one half of the neutron beam passed through a 1-mm-thick Ag filter (see figure 3) . The normalized counts corresponding to the energy range 4.2 to 6.3 eV are plotted in figure 6 . The spatial resolutions in this configuration without and with the B 4 C sheet were estimated to be 1.5±0.5 and 1.9±0.5 mm from figure 6, respectively. The strip interval on the readout electrode was taken as the uncertainty of the spatial resolution. Thus, the B 4 C sheet functioned effectively as a thermal neutron absorber and had no measureable effect on the spatial resolution.
Response to epithermal neutrons

Conclusion
We fabricated a prototype detector that consisted of GEMs with one-dimensional readout. We evaluated its responses to thermal and epithermal neutrons by using the pulsed neutron source at KURRI-LINAC, Japan. A 5-mm-thick B 4 C sheet functioned effectively as a thermal neutron absorber. The spatial resolution of the present setup was estimated to be 1.9±0.5 mm when a 1.0-mm-thick Ag resonance filter was used. We intend to optimize the thickness of the neutron converter for the epithermal neutron source to be applied. A detailed resonance filter pattern (e.g., a checker flag pattern) will be designed and will be used to demonstrate two-dimensional imaging of epithermal neutrons in the near future.
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